In a previous work it was demonstrated that emotional stressors trigger the in vivo release of the neuropeptide substance P (SP) in brain areas known to be implicated in stress and anxiety mechanisms, such as the amygdala, lateral septum, nucleus accumbens, and locus coeruleus. However, the specific role of SP within the hypothalamic paraventricular nucleus (PVN), the critical site of the neuroendocrine stress axis, is unclear. Studies performed in neurokinin-1-receptor (NK-1R) knockout mice have provided conflicting results. Therefore, the aim of the present study was to use a pharmacological approach and examine whether intracerebroventricular NK-1R-antagonist treatment modulates stress-induced neuronal activity in key brain areas of the stress circuitry, including the PVN. The elevated plus maze test was used as a mild stressor known to stimulate stress hormone secretion and c-Fos-expression in the PVN and simultaneously to obtain behavioral readout for anxiety-like behavior. Results demonstrate an anxiolytic-like effect of intracerebral NK-1R antagonism that is associated with an attenuation of the stress-induced c-Fos expression in the PVN and lateral septum. In the amygdala and the bed nucleus of stria terminalis, c-Fos induction by elevated plus maze exposure was much lower and was not influenced by NK-1R-antagonist treatment. Thus, our findings provide clear evidence that central NK-1R-blockade reduces neuronal activity in key brain areas of the stress circuitry, which is thought to be associated with attenuation of the neuroendocrine stress response. These findings support the idea that a stress-sensitive subset of the human psychiatric patients may particularly benefit from a pharmacological approach that interfers with SP transmission.
Introduction

Distribution of Substance P and NK-1 Receptors
The undecapeptide substance P (SP) belongs to a family of neuropeptides known as tachykinins. Together with neurokinin-A, endogenous neurokinins can interact with all three receptor types, SP exhibits high affinity to the neurokinin-1 (NK-1) receptor. 5, 6 The distribution of SP and its preferred receptor in mammalian brains has been reviewed in detail previously. 7, 8 Notably, it was described that both SP and NK-1 receptors are highly distributed in many forebrain, midbrain, and brain-stem areas, including areas implicated in the modulation of stress, anxiety, and mood responses, such as the cingulate cortex, caudate putamen, nucleus accumbens, septum, hippocampus, amygdala, various hypothalamic areas, as well as periaqueductal gray, dorsal raphe nucleus, and locus coeruleus. In these regions, SP frequently coexists in the same neuron with other neurokinins and with "classic" neurotransmitters, such as dopamine, acetylcholine, serotonin, noradrenaline, GABA, and glutamate, 9, 10 suggesting functional interactions with other neurotransmitter systems.
Substance P in Stress Regulation
There is evidence that SP modulates physiological and behavioral stress responses in the brain. In conscious rats, SP administered centrally induces a pattern of cardiovascular and behavioral responses that closely resemble the responses to stressful stimuli. 11, 12 This idea was further based on the finding that the exposure to aversive and/or stressful situations induces changes in SP contents and/or receptor binding in brain areas known to be implicated in processing emotions and stress reactions. 13 Moreover, there is also evidence from receptor endocytosis studies for an increase in NK-1 receptor internalization reflecting an increased local SP release in discrete brain areas such as amygdala in response to stressful situations. [14] [15] [16] However, although these methods have provided important preliminary evidence, in which brain areas SP transmission may be important in response to stressful situations, this kind of assessment is only an indirect and very crude measure of SP neurotransmission, which can give no information on temporal dynamics of release.
Stress-Induced Substance P Release in Distinct Brain Areas
Since neuropeptides such as SP only become biologically active after their release into the extracellular space, attempts to measure intracerebral release have to focus on approaches that are able to reflect concentrations and their fluctuations in the extracellular fluid. 17, 18 Therefore, in vivo sampling methods such as pushpull superfusion and microdialysis technique in conjunction with highly sensitive radioimmunoassays have been successfully used to investigate the effects of acute stressful life situations on the in vivo efflux of SP in discrete brain areas. 19, 20 We could demonstrate for the first time that various emotional stressors increase SP efflux in discrete forebrain areas implicated in the regulation of stress and anxiety reactions such as amygdala and septum. 21, 22 By using specific small-sized microdialysis probes and micropush-pull cannulae systems constructed in our laboratory that allowed us to perfuse even subregions of the amygdala complex, we found a stress-induced increase of SP release in the medial but not in the central amygdala. 21 Interestingly, the release of SP in the medial amygdala varies depending on the nature and/or severity of the stressor, as the release seems considerably more pronounced and prolonged after a severe emotional stressor than in response to a rather mild stressor. 21 Our finding of high extracellular SP levels in the medial amygdala is consistent with immunohistochemical studies demonstrating a dense plexus of SP-containing cell bodies and terminals in this brain area. 8, 23 Postsynaptically, it has been shown that immobilization stress also leads to a decrease in the number of NK-1 receptors in the amygdala, 24 which may represent endocytosis of somatodendritic receptors as the NK-1 receptor has been shown to undergo internalization following receptor stimulation. 25 More recently, we also found an increase of SP release after swim stress exposure in additional areas such as lateral septum, nucleus accumbens, and locus coeruleus. 22, 26, 27 Interestingly, in the lateral septum and locus coeruleus we could show functional, significant interactions of stress-induced SP release with that of monoamines (e.g., serotonin and noradrenaline), which are known to be implicated in regulation of mood and affective behavior. 28, 29 In a very recent study we obtained evidence for autoregulatory properties of SP within the amygdala, which may have functional consequences in particular during stress. 30 Finally, we found differences in stress-related SP neurotransmission in rats bred for extremes in high anxiety-related behavior (HAB), an established psychopathological animal model of trait anxiety and comorbid depression. 31 Compared to their low anxiety (LAB) counterparts, HAB rats show a higher increase in the stress-induced SP release within the medial amygdala, whereas basal release of the neuropeptide within this area was not different between the two lines. 32 This suggests a hyperactive SP neurotransmission in the medial amygdala in these highanxiety rats after exposure to an aversive stimulus and confirms clinical findings of a disturbed SP neurotransmission in patients with stressrelated diseases such as anxiety disorders and depression. 33, 34 Further evidence corroborating the role of SP in stress mechanisms comes from studies investigating the effects of NK-1 receptor activation and/or blockade on neuronal activity in brain areas known to be important in stress reactions in response to aversive stimuli. A key area of the stress circuitry is the hypothalamic paraventricular nucleus (PVN), since this structure regulates the hypothalamicpituitary-adrenal (HPA) axis by a select population of neurosecretory neurons that release the main stress hormone secretagogues corticotropin releasing factor and arginine vasopressin. 35, 36 While pharmacological blockade of NK-1 receptors has been found to attenuate stress-induced c-Fos expression (as marker for neuronal activation) in brain areas such as prefrontal cortex, periaqueductal gray, and locus coeruleus 37, 38 (but see also Ref. 39 ), information on the PVN or other key areas of the stress circuitry are lacking in rats. In mice with a genetic deletion of the NK-1 receptor (NK-1 receptor knockout mice), this issue has been studied; however, inconsistent findings were obtained. Both attenuated stress-induced neuronal activation in the PVN of NK-1 receptor knockout mice 40 or no differences between knockout and wild-type mice 41 were reported. Genetic background-specificity resulting from strain differences in HPA axis activity may have contributed to this discrepancy. 41 Furthermore, it is not entirely clear whether neuronal and behavioral changes found in conventional NK-1 receptor knockout mice are a result of NK-1 receptor deficiency itself or a consequence of functional adaptation during ontogenesis. Thus, the aim of the present study was to use a pharmacological approach in rats to examine the effects of global receptor blockade within the brain on neuronal processing in core stress-related brain areas. We chose a mild stressful challenge, exposure to the elevated plus maze, which activates stress pathways, 42, 43 increases stress hormones such as corticosterone, 44, 45 and provides behavioral readout (i.e., anxiety-related behavior, locomotor activity).
Experimental Procedures
Animals
Experiments were carried out on adult male Sprague-Dawley rats (250-350 g). Prior to use, the animals were housed in groups of 4-6 under controlled laboratory conditions of a 12-h light-dark cycle (lights on from 7 AM to 7 PM) at 21 ± 1
• C and 60% humidity with food and water ad libitum for at least one week after delivery from the supplier. The experimental studies described here were approved by the local Ethical Committee on Animal Care and Use and are in compliance with international laws and policies.
Surgery
A guide cannula (21 gauge or G, length 12 mm) was stereotaxically implanted under sodium pentobarbital (40 mg/kg, i.p.) and ketamine (50 mg/kg, i.p.) anaesthesia according to the stereotaxic atlas of Paxinos and Watson. 46 The tip of the guide cannula was positioned 1 mm above the right lateral ventricle (0.6 mm caudal to bregma, 1.6 mm lateral to the midline, 1.8 mm below the surface of the skull). The cannula was fixed to the skull with two stainless steel screws and dental cement. After surgery, a stylet was inserted into the guide cannula to prevent obstruction, and rats were housed individually in transparent Plexiglas cages until testing. They were handled for 3 min twice daily to familiarize them with the experimental procedure and to minimize nonspecific stress responses during the experiments. At least 24 h before the experiment, animals were kept in the experimental room and allowed to habituate.
Intracerebroventricular Injections
Seven days after surgery, the stylet of the guide cannula was replaced by an infusion cannula (25 G) which was 2 mm longer than the guide cannula, thus reaching into the lateral ventricle. The injection cannula was connected to a Hamilton microsyringe by a polyethylene tubing and for injections, the prehandled animals were gently held, and a volume of 5 μL was injected over a period of 60 s. Animals received either vehicle (artificial cerebrospinal fluid [aCSF]) or the potent and selective rat NK-1 receptor antagonist L822429 (5 nmol/5 μL, for pharmacological characterization, see Singewald et al. 30 ). L822429 was reconstituted in a small amount of distilled water and dissolved in aCSF. The injection cannula remained in the guide cannula for an additional 30-s period after infusion. After removing of the injection cannula, rats were left undisturbed for the next 10 min in their home cages before behavioral testing.
Behavioral Testing on the Elevated Plus Maze
Ten minutes after drug injection, animals were tested on the elevated plus maze for 5 min, as described previously. 21 The behavioral parameters scored were (1) entries into open arms (ratio of open arm entries to total number of entries into all arms), (2) time spent on the open arms (ratio of time spent on open arms to total time spent on all arms), and (3) overall activity (total number of entries into closed arms and total distance traveled). After plus maze exposure, rats were returned to their home cages.
c-Fos Immunohistochemistry
Two hours after a 5-min exposure to the elevated plus maze, c-Fos immunohistochemistry was performed, as described previously. 47 Briefly, animals were deeply anesthetized with sodium pentobarbital (200 mg/kg) and transcardially perfused with 100 mL of 0.9% saline, followed by 100 mL of 4% paraformaldehyde in 0.1 M phosphate buffered saline (PBS, pH 7.4). The brains were removed and postfixed in the same solution at 4
• C overnight. Coronal forebrain sections (100 μm) were cut with a vibratome (Ted Pella Inc., Redding, California) and collected freely floating in immunobuffer. Sections were incubated for 48 h in a polyclonal primary anti-Fos antibody (diluted 1:20,000 in immunobuffer comprising 0.1 M NaCl, 5 mM KCl, 8 mM Na 2 HPO 4 , 15 mM NaH 2 PO 4 , 10 mM Tris-HCl, 0.3% Triton X-100, and 0.04% thimerosal), followed by a 24-h incubation in a biotinylated goat antirabbit secondary antibody (1:200). An avidinbiotin-horseradish peroxidase procedure with 3,3 −diaminobenzidine as the chromogen was used to visualize the immunoreactivity. Cells containing a nuclear brown-black reaction product were considered positive for c-Fos immunoreactivity, and are referred to hereafter as c-Fos positive cells. The anatomical localization of c-Fos positive cells was aided by using the illustrations in a stereotaxic atlas. 46 For quantitative analysis, the number of c-Fos positive cells was counted bilaterally in a tissue area of 0.01 mm 2 of investigated brain regions. For histological control of placement of i.c.v. injection cannula, 100 μm serial coronal sections were stained with cresyl violet.
Statistical Analysis
Experimental subjects were included in the statistical analysis only if the i.c.v. injection cannulae were confirmed to be localized within the lateral ventricle. Data are presented as means + SEM. Differences between groups were determined by nonparametric Mann-Whitney U test.
Results and Discussion
Effects of Intracerebroventricular Administration of a Neurokinin-1
Receptor Antagonist on Anxiety-Related Behavior Based on the findings presented earlier we investigated the effects of intracerebroventricular NK-1 receptor antagonist administration on emotional or anxiety-related behavior. Therefore, we infused the selective NK-1 receptor antagonist L822429 into the brain by microinjections into the ventricular system and analyzed the behavior of rats in the elevated plus maze test, a well-established ethological animal model of anxiety. 48 This potent and selective NK-1 receptor antagonist has previously been shown to be a useful tool to investigate the behavioral impact of endogenously released SP within the rat amygdala and septum. 21, 22 The studied behavioral parameters in the elevated plus maze test can be divided into those related to anxiety (e.g., time spent in open arms, number of entries in open arms) and those associated with locomotor activity (e.g., total number of entries into closed arms, total distance traveled). In the present experiments, we found that NK-1 receptor antagonist-treated animals had a significantly higher percentage of entries into open arms (Fig. 1 ) and tended to spend more time in open arms (data not shown) than controls, indicating an anxiolyticlike effect. To exclude that these behavioral effects are due to nonspecific motor effects of the drug, we also measured parameters related to locomotor activity, such as closed arm entries and the total path length animals traveled on the maze. If anxiolytic effects of a drug are indeed related to increased locomotor activity, one would expect increased closed arm entries or greater distances traveled on the maze of drug-treated animals. However, in our study there was no significant difference either in the number of closed arm entries (Fig. 1, right  panel) or in the total distance traveled on the maze (data not shown) between NK-1 receptor antagonist-treated animals and controls. Accordingly, we concluded that the observed behavioral effects of NK-1 receptor blockade are related to changes in emotionality and not to changes in motor activity. Thus, our findings are consistent with previous studies demonstrating that anxiety levels in mice and rats can be modulated by interfering with central NK-1 receptor function. 20 Most of these results show that NK-1 receptor activation (e.g., by administration of SP) induces anxiogenic-like responses, while NK-1 receptor blockade induces the opposite (anxiolytic-like) effects in different behavioral tasks, including the elevated plus maze test. In a previous study we could show that SP infusions into the medial amygdala produce an anxiogenic-like effect in this test similar to that induced by immobilization stress. 21 Interestingly, although a NK-1 receptor blockade within the medial amygdala was able to induce anxiolytic-like effects in the plus maze test, the same treatment had no effects in tests that are more related to depression-like behaviors such as the forced swim test (Ebner et al., unpublished data) . This is also interesting because swim stress triggers SP release within the medial amygdala. 30 Very recently we could show that the lateral septum might be a critical brain area mediating antidepressant-like effects of NK-1 receptor antagonism, as intraseptal NK-1 receptor blockade reduced immobility time in the forced swim test. 22 Based on these data, it may be speculated that different aspects of affective behaviors are regulated in different brain areas via SP/NK-1 receptor pathways (see also Adell et al. 49 ). Accordingly, it is conceivable that the amygdala especially the medial amygdala, is important in mediating anxiolytic effects of NK-1 receptor antagonists, while antidepressant effects of these drugs may be processed in some other limbic areas, such as the lateral septum. 20 
Effects of Intracerebroventricular Administration of a Neurokinin-1 Receptor Antagonist on Stress-Induced c-Fos Expression
In additional experiments, we identified neuronal populations that may be involved in the processing of the NK-1 receptor-mediated behavioral effects. Based on the findings in NK-1 receptor knockout mice, we investigated whether central blockade of NK-1 receptors in rats also affects neuronal activity in key areas of stress regulation such as PVN and lateral septum, as well as in brain structures that are more related to anxiety, such as amygdala and bed nucleus of the stria terminalis. Therefore, we infused a selective NK-1 receptor antagonist intracerebrally (as described earlier in the chapter) and analyzed neuronal activity of various brain areas by immunohistochemical detection of c-Fos expression. The expression of the immediate early gene c-Fos was chosen as an established method for detecting neuronal activation after exposure to aversive and stressful situations, with high (cellular) spatial resolution in widespread regions of the brain. [50] [51] [52] We used the elevated plus maze test as an anxiogenic and therefore mildly stressful environment to increase neuronal activation in stress-and anxiety-related areas (see later in the article) for the identification of neuronal correlates underlying the anxiolytic-like effects of NK-1 receptor blockade. Previous studies indicated that elevated plus maze exposure induced significant c-Fos-expression of the stress and anxiety circuit in selected brain areas, including the cingulate cortex, PVN, amygdala, and lateral septum. 42, 43 Interestingly, we found that intracerebroventricular administration of a selective NK-1 receptor antagonist attenuated stress-induced c-Fos expression in the PVN (Fig. 2A) . Thus, our data confirm previous findings in mice demonstrating reduced c-Fos response to elevated plus maze exposure in the PVN of NK-1 receptor knockout and antagonist pretreated wild-type mice. 40 As the PVN is a key area for the integration of the neuroendocrine stress response, 53 which contains a moderate density of SP binding sites, 54 and because increased c-Fos expression within the PVN can be taken as an index of activated HPA axis, 55, 56 these data indicate that NK-1 receptor blockade within the PVN attenuates neuroendocrine stress responses. Hence, a facilitatory role of endogenous SP within the PVN on the HPA axis stress responses is suggested, which is consistent with previous findings demonstrating a potentiation of stress-induced corticosterone secretion after central injections of SP. 57 This effect seems to be mediated by NK-1 receptors, since pretreatment with a NK-1 receptor antagonist prevented the SP effects on stress-induced corticosterone levels. In line with this facilitatory role of SP found in rats are further results from NK-1 receptor knockout mice that showed lower stress-induced corticosterone secretion compared to wild types. 58, 59 However, in another study no differences in the stress-induced corticosterone levels or hypothalamic c-fos expression were found between NK-1 receptor knockout and wild type mice. 41 Beside genetic background specificity resulting from strain differences in HPA axis activity this discrepancy might be related to the use of different stressors. Since differences between knockout and wild-type mice were detectable only in studies using a rather mild emotional stressor (e.g., exposure to a novel environment), it is conceivable that a ceiling effect precluded detection of differences between groups in HPA axis responses to a more severe and physical stressor such as restraint used in the study of McCutcheon and coworkers. Interestingly, also other anxiolytic drugs such as benzodiazepines exert similar suppressing effects on stress-induced HPA axis excitability, 60,61 which may be an important component associated with anxiolysis under specific conditions.
In the lateral septum, a key area in the processing of stress and affective responses, 62 we also found a reduced c-Fos response to elevated plus maze exposure in NK-1 receptor antagonist-treated animals compared to controls (Fig. 2B) . Interestingly, this effect was observed especially in the ventral part, and to a lesser extent in the dorsal part of the lateral septum, while in the intermediate part this effect did not reach statistical significance. There is a functional distinction between different subnuclei within the lateral septum, which are known to differ in their cytoarchitecture, neuroanatomical connections, and neurochemical makeup. [63] [64] [65] In particular, varied or potentially opposing affective functions of lateral septum subregions have been reported. 62 For example, there is some evidence that different behavioral stress responses are mediated by different subregions; the dorsal part of the lateral septum promotes active, whereas the ventral part promotes passive coping responses. Interestingly, in a previous study it was shown that enhanced freezing behavior in stress-sensitized animals is associated with a massive c-Fos induction in the ventral part of the lateral septum. 66 Hence, the reduction of stress-induced activity in the ventral part of the lateral septum may contribute to the anxiolytic effect of NK-1 receptor blockade. Moreover, since the ventral part of the lateral septum directly projects to the periventricular zone of the hypothalamus (including the PVN), 65, 67 this subarea might also be involved in the control of neuroendocrine and autonomic stress responses. Indeed, previous studies indicate that the lateral septum plays an important role in the regulation of HPA axis activity. 68 However, although the lateral septum has been proposed as a primarily inhibitory site on the HPA axis function, the possibility of regional specialization might also be relevant for neuroendocrine functions. Accordingly, since in the present study NK-1 receptor antagonism attenuates PVN activity, we postulate that the ventral part of the lateral septum is involved in HPA axis excitation rather than inhibition. However, further studies should clarify whether distinct subregions of the lateral septum do indeed regulate HPA axis activity differentially.
Since we observed a clear anxiolytic effect of NK-1 receptor antagonist treatment, we also investigated neuronal activity in key areas of proposed anxiety networks, the amygdala and the bed nucleus of the stria terminalis. 69, 70 Previous studies from our group and others have shown differential involvement of various amygdaloid nuclei in SP-mediated affective behaviors. 21, [71] [72] [73] Moreover, elevated plus maze exposure induced induction of c-Fos expression in several subregions of the amygdala such as medial and basolateral amygdala, as well as in the bed nucleus of the stria terminalis. 42, 43, 74 Compared to the PVN or lateral septum, we found a much lower c-Fos expression after a 5-min elevated plus maze exposure in these amygdaloid areas (only about one-third of labeled cells, Fig. 2) . No difference in the c-Fos response was observed between NK-1 receptor antagonist-treated and -untreated rats in these regions (Fig. 2C) . Especially in the medial amygdala it was surprising to find no significant differences in the c-Fos expression between antagonist-treated animals and controls ( Fig. 2C; left panel) , because emotional stressors such as the exposure to an elevated platform increases SP release within the medial amygdala. 21 Possible explanations for this discrepancy may be (1) that the activation pattern after elevated plus maze exposure is too low in this area, and thus the sensitivity of the method is not sufficient to reveal significant differences in c-Fos response between treated and untreated rats, or (2) that under low-stress conditions anxiolytic-like effects of NK-1 receptor blockade are not primarily mediated via the amygdala. This assumption would be supported by our previous finding indicating that unstressed rats do not respond to NK-1 receptor antagonist injections into the medial amygdala. 21 Another but more unlikely explanation might be (3) that cells presumably mediating anxiolysis within the medial amygdala are not c-Fos responsive. In this context it should be born in mind, that, although c-Fos expression is a widely established marker of neuronal activation, neuronal firing might not always be associated with c-Fos expression. 52 The use of additional markers of neuronal activation and different stimuli will help to clarify this issue.
The effect of NK-1 receptor blockade on stress-induced c-Fos expression in the central amygdala has not been investigated since NK-1 receptor antagonist administration increases c-Fos expression in this subregion already under basal conditions.
38,75
Concluding Remarks
In a series of studies our group and others have assessed changes in SP transmission in response to different stimuli. Considerable evidence now suggests that stressful challenges lead to the activation of circuits utilizing SP signaling in brain regions that play a major role in anxiety and depression (such as the amygdala, septum, hypothalamus, hippocampus, striatum, nucleus accumbens, periaqueductal gray, raphe nucleus, and locus coeruleus). On the other hand, a vast body of evidence has demonstrated that blocking SP transmission either by selective antagonists or genetic disruption of binding sites attenuates the effects of stress and induces anxiolytic-like and/or antidepressant effects in several animal models. Similarly, in the present study we could show anxiolytic-like efficacy after intracerebroventricular administration of a selective NK-1 receptor antagonist which is associated with reduced neuronal activity in key brain areas of the stress circuitry, such as PVN and lateral septum. In contrast, activity in brain areas of proposed anxiety networks such as medial and basolateral amygdala was not affected by NK-1 receptor blockade, suggesting that the amygdala is not a primary target of NK-1 receptor antagonists to induce anxiolysis under low stress conditions of elevated plus maze exposure. Indeed, our previous work demonstrates that microinjections of a NK-1 receptor antagonist into the amygdala do not exert anxiolytic-like effects on the elevated plus maze in unstressed rats. However, after inducing stress either by microinjection of SP or immobilization, NK-1 receptor blockade within the amygdala subsequently produces anxiolysis. 21 Along similar lines it has been shown in patients with social anxiety disorders that the public speaking-induced increase in regional blood flow was attenuated by NK-1 receptor antagonist treatment. 76 Thus, together with other studies in NK-1 receptor knockout mice, these data suggest that interference with NK-1 receptor function is especially effective in high-stressed, deranged, or pathophysiological systems. Similarly, in humans patients with clinical syndromes of a hyperactivated stress axis should also be especially sensitive to the therapeutic benefit of NK-1 receptor antagonism in the treatment of psychiatric illness.
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